that the visual assessment of PW CT maps may predict the development of late infarction. 29 In this study, we investigated the relationship between perfusion topography and timing, with the aim of identifying brain areas that develop hypoperfusion first. The PW CT detection of such brain-sensitive zones would offer a warning signal of the hemodynamic effect of cerebral vasospasm and, consequently, the opportunity to begin therapies earlier. Furthermore, the existence of a cerebral topographic heterogeneity to the hemodynamic effect of SAH could provide speculative insights into the pathophysiology of DCI.
Methods

Source of Data
We prospectively collected the clinical and radiological data of a consecutive series of patients admitted for aneurysmal SAH to the Neurosurgical Department of the Ospedali Riuniti in Bergamo, Italy. The intensive care management followed a protocol derived from the recommendations of the American Heart Association. 2 Two investigators independently evaluated the eligibility of patients, collected the clinical data, and entered it into the database. Other investigators independently evaluated the PW CT color maps. The investigators involved in the collection of the clinical data were blinded to the PW CT results and those assigned to the analysis of the PW CT scans were blinded to the clinical data.
Inclusion and Exclusion Criteria
Inclusion criteria were as follows: 1) diagnosis of SAH established on the basis of either a noncontrast CT scan or a lumbar puncture; and 2) demonstration of an intradural aneurysm with digital subtraction angiography or CT angiography. We excluded: 1) patients in whom treatment required the definitive occlusion of major basal vessels or the intraoperative occlusion of the parent vessel for more than 15 minutes; 33 2) patients with fusiform, traumatic, mycotic, or giant (> 2.5 cm) aneurysms; 3) patients who died before Day 3 (before DCI can develop) and unstable patients (those with refractory intracranial hypertension with clinical signs of transtentorial herniation, or respiratory or hemodynamic instability contraindicating transportation); 4) patients with renal, cardiac, or hepatic failure; 5) patients who had undergone previous neurosurgical procedures or experienced a stroke; 6) patients with relative contraindications for PW CT, such as those with allergies or pregnancy; and 7) patients younger than 18 years.
Perfusion-Weighted CT Technique and Protocol
The technique used was based on the central volume principle that governs the relationship between the 3 cerebral hemodynamic parameters of CBF, cerebral blood volume, and mean transit time in the formula: CBF = cerebral blood volume/mean transit time. The mean transit time was calculated by the deconvolution process.
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The imaging studies were performed on a multislice GE spiral CT scanner. Fifty milliliters of nonionic contrast agent were injected at a rate of 4 ml/second. The arterial input function and the venous output function were obtained semiautomatically with the user selecting the vascular region of interest and the computer choosing the optimal arterial input function and venous output function. Ten regions of interest were drawn in the cortical vascular territories of the ACA, MCA, and PCA, and in the cortical WZs between the flow territory of the ACA and MCA and between the MCA and PCA symmetrically on both sides. Because the territories of the major arteries are known to be subjected to a large spectrum of interindividual variations, 41 the most common boundaries were defined according to the validated stochastic maps of van der Zwan et al.
42 that show 5 probabilistic boundary lines, each corresponding to a specific frequency (Fig.  1) . For the purposes of the study, we considered the second and fourth lines as a reference because they define the arterial boundary for the majority of patients. The PW CT measurements in the basal ganglia, internal watershed territories, and cerebellum were not included in this study. Patients were scheduled for PW CT scans at 3 time points: within 72 hours, between Days 4 and 8, and between Days 9 and 15 after SAH.
Data Collection
The data extracted were: sex, age, day of SAH (as opposed to the day of admission), admission neurological condition according to Hunt and Hess grade, 15 radiological severity of SAH classified from the initial noncontrast CT scan according to the Fisher grade, 8 treatment strategy chosen to secure the aneurysm (coil embolization or clip placement), timing of treatment in relation to SAH onset, DCI, and functional outcome 1 month after SAH defined according to the Glasgow Outcome Scale. Delayed cerebral ischemia was defined as a deterioration of at least 2 points on the GCS 36 or the development of a new focal neurological sign or symptom that could not be attributed to rebleeding, hydrocephalus, or metabolic disturbances with or without an infarction on the CT scan. This diagnostic approach follows the standard clinical principle to consider any subtle neurological worsening, rule out any possible cause, and prevent any possible secondary insult, and it has been previously used in DCI research by other groups. 40 The noncontrast CT scans were analyzed to find evidence of rebleeding, hydrocephalus, and new hypodense areas located in a vascular distribution consistent with infarction. Each hypodense area was ranked as vasospasm or procedure related and those judged to be procedure related were excluded from the analyses. The noncontrast CT scan was performed on admission, 24-48 hours, and 7 and 15 days after aneurysm treatment. Additional noncontrast CT scans were performed in cases of clinical worsening.
Determination of Hypoperfusion Events
Perfusion-weighted CT color maps were visually assessed for side-to-side asymmetries. Although the visual assessment of the color maps does not appear to be inferior to quantitative analysis in SAH, 29 we usually corroborated the visual assessment with a semiquantitative analysis. Two authors cross-checked the maps and, in cases of disagreement, the maps were discussed to reach a consensus.
Primary End Point
Under the assumptions that PW CT may detect cerebral hypoperfusion before the development of the clinical signs and symptoms of cerebral vasospasm, 29, 40 and that spatial perfusion heterogeneity exists in SAH, 23 we investigated to determine if there are cerebral vascular territories that are constitutively more prone to develop hypoperfusion. The null hypothesis was that there would be no difference in hypoperfusion space-time distribution among the different vascular territories assessed.
Statistical Analysis
Descriptive statistics for demographics, clinical grade on admission (assessed by means of the Hunt and Hess scale), amount of blood as defined by the Fisher grade, treatment strategy (no treatment, coil embolization, or clip placement), timing of the intervention categorized into early (< 4 days after SAH) and late (Day 4 or later), aneurysm location, and first PW CT pattern (categorized into absence of asymmetry, WZ hypoperfusion, or vascular territory hypoperfusion) were presented for the whole population. Patients who later did and did not develop DCI or PW CT hypoperfusion were analyzed as separate strata. Between-strata comparisons of the distribution of the baseline variables were performed using the chi-square test for categorical variables and the t-test for continuous variables. The risk of developing DCI as a function of age, Fisher grade (Grade 1 or 2 vs Grade 3 or 4), clinical grade on admission (comatose vs noncomatose), and the first PW CT scan (presence vs absence of asymmetry) was analyzed by using backward conditional binary logistic regression. We evaluated whether the pattern of PW CT hypoperfusion, dichotomized into territorial and WZ hypoperfusion, was related to age, clinical condition on admission, sex, Fisher grade, and timing from SAH using multiple logistic regression. The impact of age, sex, clinical grade on admission (comatose vs noncomatose) and Fisher grade (Grade 1 or 2 vs Grade 3 or 4) on the risk of WZ hypoperfusion was also tested using the Cox proportional hazards model analysis, in which the status variable was the appearance of hypoperfusion in the WZs and the time variable was the day after SAH. A 2-tailed probability value of 0.05 was considered statistically significant.
Results
Baseline Characteristics
We enrolled 46 patients with SAH. Of these patients, 5 with nonaneurysmal SAH were excluded, leaving a total of 41 patients included in the study. The mean patient age was 54.4 years (range 26-80 years). The Hunt and Hess grade was ≥ III in 19 patients (46%) and the amount of subarachnoid bleeding was classified as Fisher Grade 3 or 4 in 20 patients (48.8%). Eighteen patients (44%) developed new hypodense nonprocedure-related cerebral lesions on the noncontrast CT scan. Functional outcome was classified as good recovery or moderate disability in 23 patients. The mortality rate was 29.3% (12 patients). All deaths occurred within the 1st 15 days after SAH. The clinical and radiological baseline characteristics of the population are shown in Table 1 .
Clinical derangement suggestive of DCI occurred in 26 patients (63%), of whom 13 suffered from a sustained reduction in GCS score or a definite focal neurological deficit, and the others had transient fluctuations of the GCS score. In the univariate nonparametric analysis, DCI was significantly correlated with the presence of hypoperfusion on the first PW CT scan (χ 2 = 10.79, p = 0.002), a Hunt and Hess Grade ≥ III on admission (χ 2 = 3.68, p = 0.05), and a Fisher Grade ≥ 3 on the admission CT scan (χ 2 = 7.84, p = 0.006). The DCI predictive variables were increasing age (p = 0.045), Fisher grade (p = 0.007), and hypoperfusion on the first PW CT scan (p = 0.004). The removal of each of these 3 variables significantly reduced the predictive performance of the model.
Primary End Point: PW CT Map Analysis
Of the 41 patients enrolled in the study, 25 underwent a second PW CT scan and 7 underwent a third PW CT scan for a total of 73 examinations. Of the 73 PW CT scans, 28 were performed within the first 72 hours from SAH, 30 between Days 4 and 8, and 15 after Day 8. The reasons for the missing values were: 1) patients who died and could not complete the protocol; 2) patients who became unstable during the course of the disease; 3) patients with uneventful clinical courses who were discharged early; 4) technical reasons, such as motion artifacts and insufficient contrast enhancement; 5) unknown allergy; and 6) patients admitted after the 3rd day post-SAH who could undergo only 1 or 2 of the 3 scheduled PW CTs (we calculated the timing of the PW CT from the day of the first bleeding, as opposed to the day of diagnosis; Fig. 2 ).
In the univariate nonparametric analysis, the pattern of hypoperfusion was significantly affected by the timing of the PW CT with respect to the day of SAH (χ 2 = 16.5, p = 0.023). A backward conditional multivariate logistic regression showed that age and timing of the PW CT affected the pattern of hypoperfusion (Table 2) and that the removal of these variables significantly changed the predictive performance of the model. In particular, the proportion of PW CT maps showing hypoperfusion in the WZs was higher within the first 72 hours after SAH (Fig.  3) and in young patients. Because the third time point (8-15 days from SAH) appeared to be underrepresented, we repeated the multivariate logistic regression only considering the first 2 time points and the variable "timing" remained a significant determinant of the hypoperfusion topography (p = 0.002). The Cox proportional hazards regression model analysis, including all 4 covariates (age, Hunt and Hess grade, sex, and Fisher grade), found that only age significantly affected the hypoperfusion topography (Table 3 ). In particular, the risk of WZ hypoperfusion increased in a way that was inversely proportionate to age (p = 0.024). The hazard function stratified by age is shown in Fig. 4 . Of the 18 patients with a hypodensity on the noncontrast CT scan, the infarction developed in the same hemisphere as the hypoperfusion in 13 patients.
Discussion
Our study suggests the existence of a topographical heterogeneity of the brain to the hemodynamic effects of SAH. In particular, our results show that the cerebral hypoperfusion affects the WZs before the other brain areas and that there is a space-time relationship between the hypoperfusion topography and the time elapsed from the day of SAH. Furthermore, the study corroborates the value of the PW CT-detected perfusion asymmetry as a predictor of DCI. 1, 29, 40 To date, the analysis of the literature shows that no other study has specifically focused on the pathophysiology of the WZs in patients with SAH and no study has investigated the relationship between time and hypoperfusion topography as the primary end point.
Despite the lack of specific reports, some previously published observations provide independent evidence in favor of the importance of the WZs in SAH. Rabinstein and colleagues 30 described the CT patterns of cerebral infarction in patients with DCI. Although the authors did not specifically consider the WZs in their topographic categorization of the infarcts, the analysis of the CT drawings shows that at least 6 (26%) of the 23 patients with single cortical infarcts had lesions in a territory consistent with a WZ. In a series of patients studied using serial MR imaging during the 1st month after SAH, 26% of infarcts were categorized as watershed and, more importantly, all WZ infarcts developed earlier than the 14th day. 45 Other authors found a reduced cerebral vasodilatory capacity on SPECT in the WZs. 16 These findings suggest that the WZs are frequently involved in the early perfusional derangement that characterizes the acute phase of SAH, and this appears to be in close agreement with our primary result.
A topic of speculative and practical interest is which pathophysiological mechanism underlies the WZ hypoperfusion in SAH. Although the pathogenesis of cortical WZ hypoperfusion in SAH is unknown, the evidence derived from studies on internal carotid artery disease suggests the importance of the association of 2 distinct mechanisms, namely low flow and microembolism. 22 The susceptibility of the WZs is believed to result from location in the "distal field," where perfusion pressure is low- est. 22 Yet the clearance of microemboli may be impaired by the slow circulation and, in turn, they could further exaggerate a spasm-induced hemodynamic impairment in a dynamic feed-forward cascade. Altered autoregulation may further decrease local perfusion. The finding that the WZ hypoperfusion may be observed even without visible vasospasm of the large extraparenchymal arteries is consistent with this speculation. 1, 31 An alternative hypothesis could link the pathogenesis of the WZ hypoperfusion to ICP and, in general, to early brain injury.
4 Early brain injury refers to the injury that occurs within the first 72 hours of the SAH and describes the events that occur before the development of the cerebral vasospasm. 4 Although the timing of this injury is immediate, the sequelae can be observed later on. At the moment of SAH, blood is extravasated in the subarachnoid space with subsequent rise in the ICP and decrease in the CBF. 12, 27 The global hypoperfusion may trigger detrimental apoptotic, necrotic, and inflammatory (tumor necrosis factor-α) pathways that affect the risk of subsequent DCI. 4 The fact that the perfusion pressure is lowest in the WZs suggests a relation between high ICP and early WZ hypoperfusion. Furthermore, the relation between ICP, early brain injury, and DCI explains why the early WZ hypoperfusion may be predictive of subsequent DCI.
We found that age may affect the pattern of cerebral hypoperfusion. In particular, young patients appear to be more frequently associated with hypoperfusion in the WZs, whereas the vascular territories are preferentially affected in the elderly. Although the secondary end points should be considered with caution, this result deserves comment. The effect of aging on CBF autoregulation has been examined both in preclinical and clinical studies. Aging is known to: 1) cause vascular stiffening by decreasing distensibility (smooth muscle and elastin) and increasing less distensible (collagen) components of the vessel wall;
10 2) increase the contractility of the cerebral arteries and their tone; 9, 18, 19 3) depress endothelial-derived prostacyclin;
9,25 and 4) increase the sensitivity to intracellular Ca
2+
. 9 All these factors eventually diminish the ability of the cerebral circulation to react and redistribute CBF during hemodynamic challenges. The increased indices of vascular resistance in the healthy elderly population support such preclinical findings. 37 Our result, suggesting a differential CBF pathophysiology and DCI pathogenesis according to age, is in line with such preclinical findings. Furthermore, a higher risk of ischemia in the eloquent vascular territories is in accordance with the relationship between aging and poor outcome in SAH.
Some technical and methodological points deserve comment. From a technical point of view, PW CT covers a restricted volume of brain and some lesions may be missed. Yet, the qualitative approach may miss the very rare case of a bilateral and perfectly symmetrical hypoperfusion (such as for site, extension, and degree). At present, these are unavoidable technical limitations. Nevertheless, several reports have demonstrated the sensitivity and clinical value of PW CT in SAH and the reliability of the qualitative approach with respect to the quantitative approach. 3, 29, 40 However, if these problems were to bias our results, it would be toward a lesser relationship, and thus the association between PW CT maps and DCI may be even stronger.
The PW CT data relative to the third time point appear to be underrepresented. However, as explicitly reported, the reasons for the missing values are related to the real-world setting of the study; moreover there was no selection of the patients, neither was there a deliberate violation of the scheduled protocol. After the exclusion of those who died prematurely, there were no statistical differences in baseline variable distribution among those who underwent 1 PW CT scan with respect to those who underwent 2 or more PW CT scans. Furthermore, even with exclusion of the third time point from the analysis, the timing remains a significant determinant of the hypoperfusion topography. These observations suggest that even if a bias were to exist, its significance on the final conclusion would be limited.
However, the relative frequency of DCI appears higher than expected. The diagnosis of symptomatic vasospasm is challenging because cerebral ischemia is not infrequently clinically subtle. 30, 34 To reduce the risk of false-negatives and the related grim clinical consequences, the patients were kept under continuous and close observation: any neurological change was annotated and any possible cause was analyzed to rule out rebleeding, hydrocephalus, metabolic derangement, or procedurerelated events. Approximately 30% of the patients experienced only subtle neurological fluctuations, a known cause of underestimation if not considered. Although the trade-off of this philosophy could be a higher risk of false-positives, its aim is to reduce the burden of secondary insults that could be related to the false-negatives and, in turn, to the missed therapeutic opportunities. Several observations are in line and indirectly support the reliability of our results: 1) the frequency of nonprocedurerelated ischemic lesions is consistent with that reported in the literature;
13,30 2) recent MR imaging studies have reported rates of ischemic lesions ranging from 50% to 80%; 17, 35 3) in 20%-30% of cases the clinical changes are known to be subtle; 34 and 4) the amount of bleeding, a known risk factor for cerebral vasospasm and DCI, was higher than Fisher Grade 3 in approximately half of our patients. 5, 8, 32 In our study, we chose to analyze DCI and not angiographic vasospasm because vasospasm by itself does not always lead to DCI. Several studies found an association between radiologically confirmed vasospasm and clinical signs of cerebral ischemia, but an association is not a causal relation. 7, 30, 39, 44 Furthermore, in a recent review by the authors of the CONSCIOUS-1 study, 20 it was concluded that the data linking angiographic vasospasm to cerebral infarction and to outcome are somewhat weak and, in turn, that there is not enough evidence to prove that angiographic vasospasm in itself could be used as a surrogate marker of disease progression.
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Conclusions
This study demonstrates that WZ hypoperfusion may be an early precursor to more profound territorial hypoperfusion events. Early diagnosis of WZ hypoperfusion may affect clinical decision making and treatment. From a speculative point of view, these observations suggest differential pathogenetic mechanisms of hypoperfusion according to timing, age, and brain topography.
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